In this work, titanium dioxide (TiO 2 ) film was deposited onto the In 0.5 Ga 0.5 As/GaAs quantum-dot structure by electron-beam evaporation to investigate its effect on interdiffusion. A large redshifted and broadened spectrum from the dot emission was observed compared with that from the uncapped ͑but annealed͒ reference sample, indicating the suppression of thermal interdiffusion due to TiO 2 deposition. The structure was also capped with a silicon dioxide (SiO 2 ) single layer or SiO 2 /TiO 2 bilayer with the thickness of SiO 2 varied from ϳ6 to ϳ145 nm. In the former case, an increased amount of impurity-free vacancy disordering ͑IFVD͒ was introduced with the increase of SiO 2 thickness due to the enhanced Ga outdiffusion into the film. With TiO 2 deposited on top, IFVD and thermal interdiffusion were suppressed to different extents with the variation of SiO 2 thickness. To explain the suppression of interdiffusion, thermal stress introduced by the large thermal expansion coefficient of TiO 2 ͑when compared with GaAs͒ as well as the metallurgical reactions between the TiO 2 and GaAs were proposed as possible mechanisms. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1569046͔ Quantum dots ͑QDs͒ grown by Stranski-Krastanov method are of current interest due to their great potential for high-performance optoelectronic devices.
1 Monolithic integration of QD-based optoelectronic devices of various functionality is highly desirable for optical communication systems. This can be achieved through the post-growth technique of intermixing ͑interdiffusion͒, 2 which is able to modify the potential profile and thus the optical properties of the QD structures. Among all the techniques used to promote intermixing, impurity-free vacancy disordering ͑IFVD͒ has been considered to be the most promising technique for device applications since it is simple and does not cause excessive residual damage to the sample. IFVD can be initiated by the diffusion of Ga vacancies generated by SiO 2 deposition and subsequent rapid thermal annealing ͑RTA͒. However, previous studies 3, 4 have found that in QD structures, thermal interdiffusion leads to significant blueshift of the QD emission wavelength ͓much larger than the case of quantum well ͑QW͒ structures͔, due to the presence of strain, grown-in defects, and the three-dimensional atomic interdiffusion process in the QDs. The IFVD created by SiO 2 deposition in addition to the thermal intermixing is comparatively small. It is not favorable for the device integration, which requires large differential wavelength shift across the wafer. Furthermore, to realize the area selectivity of IFVD in QDs, it is essential to have a capping layer to protect some regions of the sample from intermixing during annealing. In this work, titanium dioxide (TiO 2 ) film was deposited onto In 0.5 Ga 0.5 As/GaAs QD samples, some parts of which were capped with SiO 2 of different thicknesses. It was observed that after RTA, for all the samples covered with TiO 2 both IFVD and thermal intermixing were suppressed significantly.
The QD structure used in this study was grown on a semi-insulating ͑100͒ GaAs substrate by metalorganic chemical vapor deposition. A 300-nm-thick buffer layer of GaAs was grown at 650°C. The growth temperature was then reduced to 550°C for growing of 6.5 monolayers of In 0.5 Ga 0.5 As dots. Finally, the temperature was ramped to 650°C again during the growth of a 200-nm GaAs capping layer. Three pieces of samples were cleaved from the asgrown wafer and deposited with SiO 2 by plasma-enhanced chemical vapor deposition using N 2 O/SiH 4 at 35°C with thicknesses of ϳ6, 20, 70, and 145 nm, as measured by ␣-step profiler. One third of each SiO 2 capped sample ͑with the rest of the sample masked to avoid deposition͒, together with one piece of as-grown wafer, were then deposited with TiO 2 films ͑ϳ150 nm͒ by electron-beam evaporation. As to the remaining two thirds of the SiO 2 capped sample, half of the SiO 2 film was etched off by 10% HF to provide an uncapped reference region. RTA was performed on all samples at the temperatures from 700 to 850°C for 30 s under Ar flow. During annealing, samples were sandwiched between two fresh pieces of GaAs to minimize desorption of As from the uncapped regions. Low-temperature ͑10 K͒ photoluminescence ͑PL͒ was excited using an argon ion laser at 514.5 nm through a 0.33 m monochromator and collected with a liquid nitrogen-cooled Ge detector. Figure 1 shows the PL spectrum taken from the sample deposited with TiO 2 film and annealed at 800°C for 30 s. The spectra from the as-grown and annealed-only samples are also shown as references. The main peak of each spectrum is from the dot luminescence and the high-energy shoulder to the peak is from the wetting layer. After RTA, the dot luminescence is significantly blueshifted and narrowed, as has been observed previously in many studies. 3, 4 However, with the deposition of TiO 2 directly on the sample, very little shift and narrowing of the PL spectrum was observed in comparison with the as-grown sample. The differential PL energy shifts as well as the ratio of the spectrum full width at half maximum ͑FWHM͒ between the annealed samples ͑with and without TiO 2 layers͒ and as-grown sample obtained at different annealing conditions are shown in Figs. 2͑a͒ and 2͑b͒, respectively. It can be seen clearly that for the annealed-only sample, with the increase of annealing temperature, more intermixing was created with the consistent increase of PL blueshift and reduction of linewidth. For the samples deposited with TiO 2 , similar trends were obtained, however, with a much smaller energy shift ͑Ͻ30 meV͒ and broader linewidth ͑Ͼ60%͒ correspondingly, indicating that thermal intermixing was greatly suppressed.
It is well known that in quantum confined heterostructures, the interdiffusion process is mainly promoted by the diffusion of point defects, such as vacancies and interstitials. Since the growth temperature of QDs is normally lower than that of quantum wells ͑QWs͒, more grown-in defects could be introduced in the structure during growth. In addition, due to the large strain associated with the dots, defects could form at the interface between the dot and the surrounding barriers 6, 7 leading to enhanced interdiffusion. Therefore, thermal interdiffusion is normally found to be more pronounced in QDs than that in QWs. With the deposition of TiO 2 , two possibilities are considered to account for the suppression of thermal interdiffusion. Firstly, it was proposed 8, 9 that, when a thin dielectric film is deposited onto the thick GaAs substrate which contains a QW structure, the thermal expansion coefficient mismatch between these two materials will cause a thermal stress on their near-interface regions during thermal annealing. If the GaAs is under compressive stress, it is favorable for the vacancies to diffuse across the QW region to promote intermixing; whereas if the GaAs is under tensile stress, the vacancies will be trapped in the region under stress making little contribution to the interdiffusion. Similarly, since the thermal expansion coefficient of TiO 2 (ϳ8.2ϫ10 Ϫ6°CϪ1 ) is larger than that of GaAs (ϳ6.8ϫ10 Ϫ6°CϪ1 ), during RTA, near the TiO 2 /GaAs interface region, TiO 2 becomes compressive and GaAs tensile.
The tensile stress on the GaAs surface region is large enough to affect the whole QD structure. This will not only greatly inhibit the diffusion of vacancies 8 in the QD structure but also partly compensate the strain field around the dots, both of which are unfavorable for the interdiffusion of QDs. On the other hand, during RTA, metallurgical reactions could occur between the GaAs capping layer ͑on the QD structure͒ and TiO 2 , which may cause a reduction of Ga vacancies in the QD structure and thus the degree of interdiffusion. Further study is under way to investigate this possibility. Figure 3 displays the PL spectra from the four different samples: ͑a͒ as-grown, ͑b͒ annealed-only, ͑c͒ SiO 2 deposited and annealed, and ͑d͒ SiO 2 /TiO 2 deposited and annealed. The annealing condition was 850°C for 30 s. As expected, compared with the as-grown sample ͓spectrum ͑a͔͒, emission wavelength was blueshifted and the FWHM was narrowed after RTA ͓spectrum ͑b͔͒. With a layer of SiO 2 ͓spectrum ͑c͔͒, the wavelength was blueshifted further and the spectrum linewidth was narrower, showing that IFVD was promoted. The quenching of the shoulder peak from wetting layer in spectra ͑b͒ and ͑c͒ suggests that strong intermixing occurred at the InGaAs/GaAs wetting layer interfaces due to the high annealing temperature ͑850°C͒ and IFVD. However, with another layer of TiO 2 on top, spectrum ͑d͒ exhibits a significant wavelength redshift, linewidth broadening, and retention of the wetting layer shoulder peak in comparison with spectra ͑b͒ and ͑c͒. The PL energy shifts caused by SiO 2 layer, as well as by SiO 2 /TiO 2 bilayer compared with the annealed-only reference sample are labeled as E 1 and E 2 , respectively in Fig. 3 . By varying the thickness of SiO 2 , we have found that both E 1 and E 2 were changed, as plotted in Fig. 4 . The value of E 1 remains positive ͑meaning a blueshift with respect to the thermal interdiffusion͒ and increases with the increase of SiO 2 thickness, showing that IFVD was consistently enhanced by these films. As to E 2 , when the SiO 2 is thinner than 70 nm, it is negative ͑meaning a redshift with respect to the thermal interdiffusion͒ and its value decreases with the SiO 2 thickness, suggesting less suppression of thermal interdiffusion was obtained when the SiO 2 ͑in the SiO 2 /TiO 2 bilayer͒ became thicker. When increasing the SiO 2 thickness to 145 nm, E 2 becomes positive, indicating the initiation of IFVD.
When the samples were capped with only SiO 2 , the concentration of Ga atoms will be higher in thicker SiO 2 films resulting in the generation of larger number of vacancies below the SiO 2 /GaAs interface. Since the thermal expansion coefficient of SiO 2 (0.52ϫ10 Ϫ6°CϪ1 ) is smaller than that of GaAs (6.8ϫ10 Ϫ6°CϪ1 ), during RTA the surface of GaAs was under compressive stress. It is favorable for the diffusion of vacancies and will also reinforce the strain field around the dots to expedite the interdiffusion process. Therefore, more IFVD was obtained for the sample under thicker SiO 2 film, as shown by the increasing value of E 1 in Fig. 4 . However, when the samples were under the SiO 2 /TiO 2 bilayer, the overall thermal expansion coefficient of the bilayer 10 was greatly increased due to the large thermal expansion coefficient of TiO 2 . Consequently, the stress field imposed on the QD structure during RTA was much less compressive compared with the stress field imposed by a single SiO 2 layer, making it difficult for vacancies to diffuse through the sample. As a result, E 2 is smaller than E 1 for all SiO 2 thicknesses. For the sample with only 6 nm of SiO 2 , it is expected to experience most of the stress from the TiO 2 , which suppressed not only the diffusion of vacancies located near the surface of GaAs due to the outdiffusion of Ga atoms, but also the diffusion of grown-in defects in the whole QD structure. Moreover, the quality of such a thin layer of SiO 2 may not be good enough to prevent the metallurgical reaction between the TiO 2 and GaAs, which might in turn affect the concentration of point defects in the sample. Therefore, suppression of IFVD as well as large amount of thermal interdiffusion was observed.
With the increasing of SiO 2 thickness, the influence of SiO 2 layer on the thermal stress was enhanced and the possibility of metallurgical reaction between the TiO 2 and GaAs was minimized. Thus, some of the vacancies located deeper from the surface might experience less thermal stress and started to move around to create interdiffusion, as suggested by the increasing of E 2 . Finally, when the sample was capped by the thickest SiO 2 ͑ϳ145 nm͒ and TiO 2 , E 2 became positive indicating that IFVD was initiated. Nevertheless, the smaller value of E 2 than E 1 reveals that in this sample, IFVD was still quite suppressed. Furthermore, above results also suggest that by using this method the band-gap energy across the sample can be tuned differently, which is very attractive for device integration.
In summary, it has been shown that deposition of TiO 2 directly onto InGaAs/GaAs QD structure caused significant suppression of thermal interdiffusion. With the QD structure capped by SiO 2 which was able to create IFVD, further depositing of TiO 2 led to the reduction of both IFVD and thermal interdiffusion. This approach is very promising in realizing area selectivity and band-gap control for integration of QD-based optoelectronic devices. FIG. 3 . PL spectra from the samples which were: ͑a͒ as-grown, ͑b͒ annealed, ͑c͒ SiO 2 capped and annealed, ͑d͒ SiO 2 /TiO 2 bilayer capped and annealed. E 1 and E 2 are the energy shifts obtained by comparing spectra ͑c͒ and ͑d͒ with ͑b͒, respectively.
FIG. 4.
Compared with the annealed-only reference sample, PL energy shifts created by SiO 2 capping (E 1 , as labeled in Fig. 3͒ and SiO 2 /TiO 2 capping (E 2 as labeled in Fig. 3͒ as a function of SiO 2 thickness.
